Candida albicans is a major fungal opportunistic pathogen for humans. In the treatment of C. albicans, azole drugs target the sterol 14α-demethylase (CYP51) encoded by ERG11 gene. Most studies have focused on the fact that the ERG11 mutant results in drug resistance, but its mechanism of action as a drug target has not been described yet. Our results showed that deletion of ERG11 reduced filamentous and invasive growth, and impaired hyphal elongation in sensing serum. Lack of ERG11 increased susceptibility to H 2 O 2 and was defective in clearing reactive oxygen species. ERG11 may affect oxidative stress adaptation by specifically downregulating CAT1 expression. In addition, C. albicans cells lacking ERG11 were more efficiently killed by macrophages and became avirulent in vivo. This study is the first to indicate that ERG11 plays an essential role in hyphal elongation, oxidative stress adaptation and virulence in C. albicans. We speculated that azole drugs not only inhibit the growth of C. albicans, but also assist the host immune system in clearing the fungal organism. The new understanding of mechanisms of action of antifungal drugs should facilitate the development of treatment strategies for resistant fungal infections.
INTRODUCTION
Candida albicans is a common opportunistic fungal pathogen usually present in the skin, upper respiratory tract, mouth, gastrointestinal tract, and genital tract of most individuals (Carpino et al. 2017) . Many factors, such as the ever-expanding population of immunocompromised patients and increasing use of broad-spectrum antibiotics have contributed to the increase in fungal infections, and candidiasis has become a major problem in the field of healthcare (Pfaller and Diekema 2007) . Candida albicans has been found to express several virulence factors that contribute to pathogenesis. These factors include host recognition biomolecules (binding of the organism to host cells), morphogenesis (the transition between yeast cells and filamentous growth), several degradative enzymes (Mayer, Wilson Hube 2013; Poulain 2015) and clearing reactive oxygen species (ROS) released by host immune systems (Abegg et al. 2011) .
Candida albicans has three morphological forms, yeast, pseudohyphae and hyphae, and it can switch between them (van der Meer et al. 2010) . This morphological transition is commonly associated with pathogenesis. The transition between yeast and filamentous growth forms is critical to growth within the host and correlated with host invasion. Candida albicans hypha grows by tip extension, and can generate significant tip pressures for penetration, and can burrow into tissue with the hyphal tip (Khan et al. 2012) . So hyphal formation and subsequent elongation are necessary for strains to be virulent. Interestingly, C. albicans cells localize their sterol to cell septa and hyphal tips on initiating invasive growth, and abnormal sterol distribution is often accompanied by defects in hyphae formation and elongation (Martin and Konopka 2004; Gallo-Ebert et al. 2012) . So ergosterol biosynthesis pathway may be involved in hyphal formation.
Phagocytic cells (macrophages, neutrophils, monocytes and dendritic cells) play an important role in protecting hosts from fungal pathogens, and loss of these cells, or defects in their anti-fungal effector functions, results in susceptibility. Phagocytic cells usually kill the pathogens via a battery of toxic chemicals, including ROS such as H 2 O 2 (Brown 2011) . ROS can damage DNA, proteins and lipids by changing cellular redox homeostasis (Rinnerthaler et al. 2012) . So this oxidative stress response may be a major component of the anti-fungal defense mechanisms of host immune cells. However, C. albicans has retained oxidative stress signaling modules and antioxidant systems to resist ROS, including catalase, the glutathione system, the thioredoxin system and mitogen-activated protein kinase (MAPK) pathways (Nikolaou et al. 2009; de Dios et al. 2010; Miramon et al. 2014; Komalapriya et al. 2015) . So promoting the intracellular accumulation of ROS in C. albicans may potentiate antifungal therapy.
The sterol 14α-demethylase (CYP51) encoded by ERG11 gene is the target of azole drugs (Xu et al. 2015) . The azoles, which are ergosterol biosynthesis inhibitors, are directed against lanosterol demethylase in the ergosterol pathway (White, Marr and Bowden 1998) . Ergosterol, which is important for proper cell growth and division, is the major sterol present in the fungal plasma membrane (Joseph-Horne and Hollomon 1997). Resistance to azole drugs can be the result of alterations to the target enzyme, either overexpression or point mutations of the ERG11 gene (Xiang et al. 2013; Wu et al. 2017a) . The mutation changes the structure of CYP51 and so decreases the affinity of fluconazole for this enzyme (Rosana, Yasmon and Lestari 2015) . Most studies have focused on the fact that the ERG11 mutant results in antifungal drugs resistance, but there is little research on the molecular mechanisms underlying the action of azole drugs, so we here explore other antifungal mechanisms in azoles. In other words, ERG11 may have other important functions in C. albicans.
Previous studies determine that ERG11 is not essential in C. albicans, but these studies all focused on the drug susceptibility of the erg11 null mutant (Bard et al. 1993; Sanglard et al. 2003) . Here, we explored other functions of the ERG11 gene by knocking out ERG11 and identified an unexpected role for ERG11 in oxidative stress adaptation. In addition, we found ERG11 is involved in filamentous and invasive growth, hyphal elongation and virulence in vivo.
MATERIALS AND METHODS

Media, chemicals, and growth conditions
Candida albicans strains were grown using routine methods on YPD (1% yeast extract, 2% peptone, 2% glucose) media at 30
• C.
Hydrogen peroxide, Calcofluor white (CFW), Congo red, cadmium chloride and sodium chloride were obtained from Sigma Aldrich (USA). DMEM and RPMI 1640 cell culture media were purchased from Gibco Corp (USA). YPD with 10% bovine serum media was used to cultivate hyphal (Maguire et al. 2014) . YPD plates were used for invasive assay (Song, Wang and Chen 2011) . YPS plus 1% agar was used for colony morphology assay under embedded conditions (Staniszewska et al. 2013 ).
Plasmid and strain constructions
SN250 was used as a 'wild type' strain and its genomic DNA was used as the template for all PCR amplifications of C. albicans genes. Plasmids used for ERG11 knockout and all strains are listed in Table S1 , Supporting Information. The primers used in this study are listed in Table S2 , Supporting Information. For construction of the erg11 null mutant, the two copies of ERG11 gene were deleted by PCR-based homologous recombination. First, we used primers hisleu-F and hisleu-R to amplify CmLEU2 and CdHIS1 markers from pSN40 and pSN52. And then two sets of primers F1/R1 and F2/R2 were used to amplify the 5 -and 3 -flanking sequences of ERG11. The remainder of the fusion PCR protocol was performed as described previously (Noble and Johnson 2005 For complementation analysis in C. albicans, plasmid pCB252 carrying CaLEU2 flanking sequences and ARG4 marker was constructed with the ERG11 promoter-ORF-terminator cassette. These fragments were sequenced to verify the absence of mutations. Then inserts were liberated by digestion with PmeI and introduced into the erg11 null mutants. Finally, Arg
+ transformants were tested by colony PCR for the presence of the ERG11 ORF with verification primers.
Spot assay and liquid survival
Spot dilution assays were performed as described in our previous study (Wu et al. 2017b) . Growing cells in YPD were treated with the different concentrations of hydrogen peroxide for 2 h at 30
• C to determine survival in H 2 O 2 (Tscherner et al. 2015) . Cells were diluted to OD 600 of 0.2, incubated at 30
• C and then grown overnight in YPD media. Cells were harvested by centrifugation at 4000 g for 3 min, resuspended at an OD 600 of 0.5 and then treated with various concentrations of H 2 O 2 for 2 h. Treated and untreated cells were diluted and plated on YPD plates. After 2 days of incubation at 30
• C, colonies were counted and viability was determined relative to the samples plated without added H 2 O 2 .
Measurement of ROS production
Intracellular ROS production was detected using the dihydrorhodamine 123 (DHR 123) staining method. Cells of each strain were grown to mid-log stage in YPD medium. After incubation, cells were harvested, washed and resuspended in sterile PBS to a concentration of 2 × 10 7 CFU/ml and stained with DHR123 (10 mM) in the dark for 60 min (Huang et al. 2017) . Total fluorescence of each sample was measured using a SYNERGY/H4 microplate reader with excitation at 488 nm and emission at 525 nm.
Macrophage cytotoxicity assay and end-point dilution assay
The toxicity of C. albicans on macrophages was determined through CytoTox96 Non-Radioactive Cytotoxicity assay (Promega; Vylkova and Lorenz 2014). Briefly, RAW 264.7 cells were inoculated at 2.5 × 10 5 cells/well in a 96-well plate in phenol red-free RPMI and grew overnight at 37
• C with 5% CO 2 . Fungal cells were washed in PBS and co-cultured with macrophages for 5 h at a 3:1 ratio. The release of lactate dehydrogenase (LDH) by infected macrophages was assessed as described in the manufacturers' instructions, and we corrected for spontaneous release of LDH by C. albicans or the macrophages alone. After 48 h at 37
• C with 5% CO 2 , microcolonies of C. albicans in wells were counted using an inverted microscope. Results are here presented as the ratio of (number of colonies in the presence of macrophages/number of colonies without macrophages) × 100.
The experiment was performed in triplicate.
Stress response assay
After culture overnight in YPD media overnight, C. albicans cells were reinoculated into new fresh YPD to grow at 30
• C to exponential phase. Cells were serially diluted by 10-fold, and 5 μL suspensions were spotted onto YPD plates with or without 1 M MnCl 2 , 0.5 M NaCl, 0.3 mg/ml Congred, 0.02% SDS or 60 μg/mL CFW. The differences in growth were photographed after 2 or 3 days at 30
Animals and ethics
Female BALB/c mice were purchased from Shanghai Laboratory Animal Center (Shanghai, China). Mice were 6-8 weeks old and weighed 16-20 g. Cells were washed twice in PBS and diluted with PBS to 5 × 10 6 cells/ml. Two hundred microliters of the cell suspension was injected into each mouse. For each strain, 10 mice were injected. All efforts were made to minimize suffering. The protocol (1600651A, 20171025) was approved by IACUC at the Institute Pasteur of Shanghai, Chinese Academy of Sciences.
Statistical analyses
Statistical analyses were performed with GraphPad Prism version 5.0 for Windows (GraphPad Software, USA). The values were determined by one-way ANOVA with Bonferroni correction posttest or by the Student's t-test. P < 0.05 was considered to be statistically significant.
RESULTS
Lack of ERG11 leads to high susceptibility to H 2 O 2
Human phagocytes kill Candida albicans with a potent mix of chemicals that include ROS, such as H 2 O 2 , and cations (Kaloriti et al. 2014) . We here hypothesized that the clearance of C. albicans from host attributed to not only azole drugs but also host immune system. To confirm our suspicions, we first deleted two copies of the ERG11 gene. And then we tested sensitivities of erg11 mutant to H 2 O 2 . Cells lacking ERG11 displayed significantly less growth than wild-type cells and ERG11 rescue strains on plates containing 6, 8 and 10 mM H 2 O 2 (Fig. 1A) . We found that lack of ERG11 increased the susceptibility to H 2 O 2 by determination of the survival rate in liquid culture (Fig. 1B) . 
ERG11 is required for oxidative stress adaptation in C. albicans
In order to investigate whether high susceptibility to H 2 O 2 is attributable to the reduced ability of clearing ROS, we measured the relative ROS levels of wild-type, erg11 mutant and ERG11 rescue strains. We found that the relative ROS level of erg11 mutant was significantly greater after treatment with 0.5 mM H 2 O 2 for 1 h ( Fig. 2A) . We confirmed that lack of ERG11 resulted in significant accumulation of ROS. We here hypothesized that the ERG11 gene affects oxidative stress responses through such pathways as catalase, the glutathione system, the thioredoxin system and MAPK pathways. We used qPCR to measure the mRNA levels of the CAT1, SOD2, GLR1, TRR1 and CAP1, and we found that only the mRNA level of CAT1 gene is significant lower in the erg11 null mutant after treatment with H 2 O 2 ( Fig. 2B and C) . So deletion of ERG11 may specifically downregulate the CAT1 gene expression in a peroxide-dependent manner. We therefore speculate that the ERG11 gene affects oxidative stress adaptation via the catalase pathway.
ERG11 plays an important role in the filamentous and invasive growth of C. albicans
The phenotype of erg11 mutant was examined under various hyphae-inducing conditions. In solid media, the wild-type strain and ERG11 rescue strain robustly formed filaments, while erg11 mutant failed to form filaments (Fig. 3A, upper panels) . In The relative ROS level of erg11 mutant significantly increases after treatment with 0.5 mM H2O2. The exponentially growing cells derived from the indicated strains with and without H2O2 treatment were harvested and ROS levels were measured using a DHR123 staining method. Three independent biological replicates were used for the indicated strains. ' * * ' represents P < 0.001 and ' * ' represents P < 0.05. (B) The transcriptional levels of CAT1, SOD2, GLR1, TRR1 and CAP1 showed no difference on the basic condition among the indicated strains. Cells from the indicated strains were grown in YPD medium to the mid-log stage. Relative transcription levels of these genes were assessed by qPCR. Values obtained for each gene were normalized against ACT1for each sample to provide relative expression. (C) Deletion of ERG11 specifically downregulates CAT1 expression after treatment with 0.5 mM H2O2 for 1 h. Error bars represent standard deviation of three independent biological replicates. ' * * ' represents P < 0.001.
Figure 3. ERG11 is essential to filamentous and invasive growth. (A) The strains
lacking ERG11 failed to form filaments in various conditions. Cells of the indicated strains were embedded in YPS agar, streaked on YPD plates for 7 days at 37
• C and inoculated in liquid YPD medium with 10% serum for 3.5 h at 37
The erg11 mutant is defective in invasive growth. The indicated strains were streaked on YPD plates and incubated at 30
• C for 7 days, and then the pictures of the invading cells after washing were taken. These images shown were taken at 1 × (A, Top), 5 × (A, Middle) and 5 × (B) magnification. Bar = 10 μm (A, Bottom).
liquid medium containing serum, hyphal development was impaired in the erg11 mutant, which developed strange short filaments (Fig. 3A , lower panels). On solid YPD plates, the wild-type strain invaded the agar and formed filaments below the surface, whereas erg11 mutant failed to invade and was defective in invasive growth (Fig. 3B) . These results indicate that the hyphal development and invasive growth of C. albicans require the ERG11 gene.
ERG11 is required for hyphal elongation
As shown in Fig. 3 , deletion of ERG11 in C. albicans blocked hyphal formation under most hyphae inducing conditions but did not completely block hyphal formation in sensing serum. Because serum is a strong inducer of hyphal growth, we next examined the cellular morphology of erg11 mutant during hyphal development in media with serum. Wild-type cells successfully elongate and form true filaments after short time serum induction; however, erg11 mutant cells failed to elongate and maintained the germ-tube-like form after longer induction time (Fig. 4) . Therefore, deletion of ERG11 does not block hyphal initiation but rather elongation in sensing serum.
Lack of ERG11 renders C. albicans susceptible to phagocytes
Because we observed that erg11 mutant had a reduced ability to form hyphal and clear ROS, we asked whether it was more efficiently killed by host immune cells. We used an end-point dilution survival assay to assess C. albicans survival after macrophage phagocytosis. Only 38% of the erg11 mutant strains survived the macrophage attack while about 75% of the wild-type cells and the ERG11 rescue cells survived (Fig. 5A ). Hyphal growth permits C. albicans cells to escape phagocytosis by lysing the macrophage (Uwamahoro et al. 2014) . So the reduced ability of erg11 mutant to escape macrophages leads to more effective killing. Then we hypothesized that the hyphal growth defects of the erg11 mutant strain would result in less damage to the phagocyte. We measured loss of macrophage membrane integrity by examining LDH. However, the erg11 mutant damaged the macrophages about as much as wild type did (Fig. 5B ).
ERG11 is required for growth under cell membrane stress
To evaluate the ability of erg11 mutant cells to adapt to the various environmental stresses, we examined the phenotypes of indicated strains in YPD media containing NaCl, MnCl 2 , Congred, SDS and CFW. We observed no growth defects of erg11 mutant on media containing high levels of MnCl 2 and NaCl, but erg11 mutant showed reduced growth on media containing high levels of Congred and CFW (Fig. 6) . Moreover, the erg11 mutant showed much higher susceptibility to cell membrane stress SDS than the wild type.
ERG11 mutants have decreased virulence in vivo
To investigate whether ERG11 gene contribute to diminished virulence of C. albicans in vivo, we inoculated cells of wild type, erg11 mutant and ERG11 rescue strains into each mouse by tail vein injection. The mice infected with erg11 mutant cells survived longer than 20 days after inoculation (Fig. 7) . In contrast, the mice infected with the wild-type and ERG11 rescue strains survived less than 5 days after inoculation (Fig. 7) . These results demonstrated that ERG11 is crucially necessary for virulence in C. albicans in vivo.
DISCUSSION
In Candida albicans, the ERG11 gene encodes the sterol 14α-demethylase, which is the target enzyme of the azoles drugs (White, Marr and Bowden 1998) . In our research, we found that deletion of ERG11 decreases the ability to resisting active oxygen species and to hyphal elongation. In addition, cells lacking wild-type capacity to kill RAW264.7 macrophages. (A) erg11 mutant reduced the ability to escape macrophages and this leads to more effective killing. The survival level of C. albicans was determined by an end point dilution assay. The indicated strains cells were co-cultured with the RAW264.7 macrophages and colony formation was observed after 24-48 h. (B) erg11 mutant damaged macrophages to about the same extent as the wild type. Each indicated strain of cells was cocultured with RAW264.7 macrophages for 5 h. Cytotoxicity was calculated as described in Materials and Methods and measured by release of LDH. Statistical analysis was performed using a one-way ANOVA, followed by Tukey's multiple comparison. These data in figures are the average of three repeated experiments. ' * * ' represents P < 0.001.
ERG11 are more likely to be killed by macrophages and are avirulent in mice models. We here speculated that inhibition of the enzyme encoded by ERG11 helps the host immune system resist C. albicans. Innate immune cells used an important fungicidal mechanism involving the release of toxic ROS, such as hydrogen peroxide (Lehrer 1972) . There is considerable interest in the interaction between C. albicans and the ROS released by human macrophages and neutrophils. The number of studies on how C. albicans senses and responds to ROS has increased in recent years (Dantas et al. 2015) . We found there to be no difference in relative ROS levels of each strain without H 2 O 2 . Upon treatment with H 2 O 2 , ROS level of cells lacking ERG11 increased. We speculated that erg11 mutant have reduced ability to clear ROS. One characterized response of C. albicans to ROS is the rapid induction of genes that encode oxidative stress detoxification and repair proteins (Kim Park and Lee 2017) . A number of genes encoding key antioxidants (such as CAT1, SOD2, GLR1, TRR1, CAP1) are important for signal pathway of oxidative stress responses in C. albicans (Herrero et al. 2008; Arana, Nombela and Pla 2010; Hua et al. 2017) . We examined the CAT1, SOD2, GLR1, TRR1 and CAP1 mRNA levels of each strain to explore the reason why erg11 mutant reduced the ability to clear ROS. According to the result that erg11 mutant downregulated CAT1 expression when treated with H 2 O 2 (Fig. 2c ), we indicated that the H 2 O 2 increased sensitivity of erg11 mutant is likely to be due to the downregulation of CAT1. In the future, we would like to perform additional studies on specific regulatory mechanisms. We found that deletion of ERG11 blocks hyphal elongation but does not block hyphal initiation under serum sensing conditions. Previous study indicated that hyphal elongation required proper sterol distribution (McCourt et al. 2016 ). As we all know, ERG11 is involved in cell ergosterol biosynthetic pathway. So we speculate that deletion of ERG11 blocks hyphal elongation by affecting sterol distribution. In addition, we found erg11 mutants were especially sensitive to cell membrane stress. We speculate that it is because the ERG11 gene encodes sterol 14α-demethylase, which is involved in cell membrane ergosterol biosynthetic pathway.
Candida albicans has the ability to neutralize the macrophage phagosome and escape from the immune cells by forming hyphal (O'Meara et al. 2015) . In this study, the erg11 mutant is defective in hyphal formation and shows reduced survival upon contact with macrophages, but it showed no difference from wild-type or ERG11 rescue strains with respect to killing the macrophages. This indicated the phagosome neutralization may be also involved in the ability of C. albicans to escape from immune cells. Moreover, the erg11 mutants exhibited greatly reduced virulence in the mice model. We speculate that reduced ability to clear ROS and deficient in forming hyphal of the erg11 null mutant may contribute to this result.
In conclusion, we demonstrate that, in C. albicans, deletion of ERG11 inhibits hyphal elongation, reduces capacity for oxidative stress adaptation and renders the organism avirulant in a mouse model. We speculated that azole drugs not only inhibit fungal growth but also help host immune system to clear fungus. Targeting ERG11 for more drugs may be a better approach to treating C. albicans infections than current strategies.
